There are many potential sites for geothermal power plants in Thailand. After many years of geological and geophysical surveys, a pilot magnetotelluric (MT) survey was made to assess the reservoir of the Mae Chan geothermal area, northern Thailand, which is one of the key areas for geothermal development. Seven MT sites were deployed in a 3 km × 4 km area around the Mae Chan district covering the Mae Chan hot springs. The MT data were acquired at low and high frequency ranges and were inverted using a 3-D MT inversion to yield the 3-D resistivity structure of the area. The results show that there are two conductive zones near the surface associated with the hot fluid of the Mae Chan hydrothermal system. The hot fluid reservoir mostly resides at less than 500 m below the surface in weathered and fractured granite and in the overlying sedimentary deposits. Its source rock is imaged as a resistive zone corresponding to the hot granite batholith below it. The hot fluid rises up along the Mae Chan fault. The fault is clearly observed as a resistivity contrast extending from the surface to depth. It dips at a moderate angle. From the measured temperature of the fluid from a drill hole and the estimated temperature of the granite rock from the resistivity structure we conclude that the Mae Chan geothermal area is likely to be suitable for immediate development of a small-scale geothermal power plant.
Introduction
To reduce Thailand's growing dependence on fossil fuels, finding alternative sources of energy is vital for the Thai economy. Geothermal energy has become a choice for many countries around the world during the past few decades because of its low cost and low emissions. Northern Thailand is one of the areas where the potential for geothermal power plants is very high (Barr et al., 1979; Chuaviroj, 1988; Owens, 2012; Singharajwarapan et al., 2012) . Many of the hot springs in northern Thailand (Fig. 1a) have a temperature exceeding 80 • C (Chuaviroj, 1988; Singharajwarapan et al., 2012; Subtavewung et al., 2005) . These hot springs are commonly associated with strike-slip fault zones (Fig. 1a) such as the Mae Chan Fault (MCF), the Mae Hong Son Fault (MHF), and the Pha Yoa Fault. These faults formed as the Indian plate subducted beneath the Eurasian plate. Currently, only one geothermal power plant is operating in Thailand. It is a 0.3 MW Ormat binary power plant installed in 1989 in the Fang district of Chiang Mai province in northern Thailand (Fig. 1) . The plant utilizes 130 • C water encountered in fractured granite at depths of 250-400 m (Ramingwong et al., 2000) .
Another prominent area classified by the Thailand Department of Alternative Energy Development and Efficiency (DEDE) is the Mae Chan geothermal field (Raksaskulwong, 2008; Ramingwong et al., 2000) , located about 30 km to the north of Chiang Rai province (Fig. 1b) . The Mae Chan area along with the survey sites is shown in Fig. 2 . The hot springs at Mae Chan are associated with the almost east-west left-lateral strike-slip Mae Chan Fault (Figs. 1b and 2), which extends from the northernmost part of Thailand near the Thailand-Myanmar border through the Mae Chan region to the Mekong River into Laos, a distance of 140 km. The thermal waters at Mae Chan seep into the base of the Mae Chan creek, which is only exposed during the dry season (shown as Y1 and Y4 in Fig. 2 ). They also form hot pools at Y3a and Y3b (Fig. 2 ) in which the measured temperatures can reach 99.5 • C (Singharajwarapan et al., 2012) . In addition, hot springs have been reported near MCH3 (Fig. 2) .
The Mae Chan region is located at the boundary between a valley filled with Quaternary alluvium to the east and a Triassic granitic batholith to the west (Fig. 1b) . Permian-Triassic rhyolite and ashflow tuff can be found in the northeastern part of the Mae Chan area, and low-grade metamorphic rocks consisting of phyllite, quartzite, and schist formed during Devonian-Carboniferous time occur in the northwestern part of the area (Fig. 1b) • C, yellow circles for temperature between 60
• C and 79
• C, and green for lower than 60
• C (Subtavewung et al., 2005) . MCF, MHF, PYF, PUF, UTF, MEF, SSF, TPF, and TKF are for Mae Chan Fault, Mae Hong Son Fault, Pha Yoa Fault, Pua Fault, Uttaradit Fault, Moei Fault, Sri Sawat Fault, Three Pagoda Fault and Tha Khaek, respectively (after Kosuwan et al., 2006) . (b) The detailed regional geological map of the blue rectangular block shown in (a). MCF is drawn according to Kosuwan and Lumjuan (1998) . The "black" rectangular block indicates the area of the Mae Chan survey of this paper and is shown in detail in Fig. 2 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) that the thermal water forms a shallow reservoir within the weathered, fractured granite and in the sedimentary basin and seeps to the surface through the Mae Chan Fault (Fig. 2) . To further investigate the reservoir, vertical electrical sounding (VES) (DEDE, 2005; Thienprasert and Raksaskulwong, 1997; Thienprasert, 1980) and seismic refraction surveys (Thienprasert, 1980) including drilled holes (DEDE, 2005; Geotermica Italiana SRI, 1984; Owens, 2012; Thienprasert and Raksaskulwong, 1997) were conducted in the Mae Chan valley just near the hot springs (Y2 of Fig. 2 ). These studies indicated that the subsurface geology near Y2 consisted of a 10-20 m thick clay and sand layer above a 100 m thick weathered and fractured granite layer. At greater depths granite bedrock was encountered.
Even though spring temperatures can reach 99.5 • C (Singharajwarapan et al., 2012) , the maximum temperature reached at a depth of 100 m was 122 • C (Owens, 2012) . In 2004, the area (Y2 of Fig. 2 ) was again drilled to a depth of 56 m to extract the hot fluid. Its temperature at that depth is around 94 • C (DEDE, 2005) . The hot water is currently used for spas and drying agricultural products. In the initial assessments of the Mae Chan region, Owens (2012) concluded that the shallow fluids are not hot enough to generate electricity and drilling to depths of 1 km in the granite was not cost-effective. To assess the size of the reservoir without costly drilling, a magnetotelluric (MT) survey was conducted. The MT surveys are widely used in the past decades in geothermal exploration to reveal hydrothermal systems beneath the surface and to help define the drilling locations for the production wells (Heise et al., 2008; Newman et al., 2008) . This is because of its major advantage as it is the only method that can directly sense a geothermal reservoir from its electrical resistivity from the surface down to depths of several kilometers (Árnason et al., 2010; Sinharay et al., 2010; Yu and Strack, 2010; Heise et al., 2008; Garg et al., 2007; Santos et al., 2007; Harinarayana et al., 2006; Uchida et al., 2005; Volpi et al., 2003; Lugão et al., 2002; Cumming et al., 2000; Bibby et al., 1995; Sandberg and Hohmann, 1982) .
In this paper, we report on the analysis of a pilot MT survey in the Mae Chan area. The objectives of the experiment are to determine the source of the hot fluid and its location, and the size and depth of the reservoir. This information will be used to help determine the potential of the Mae Chan region for geothermal power production. We first describe the acquisition of the magnetotelluric data. Data processing, inversion and interpretation are then discussed.
Magnetotelluric survey: data acquisition, data processing and 3-D inversion
In July 2013, high frequency and broadband MT data were acquired at seven sites in a 3 km × 4 km area in the Mae Chan region which included many of the hot springs (Fig. 2) . All sites used a KMS-820 data acquisition unit and coils and electrodes from KMS Technologies -KJT Enterprises Inc., Houston, TX, USA. Only the horizontal electric and magnetic fields (E x , E y , H x and H y ) were measured, where x is oriented north and y is oriented east. The electrodes (LEMI-701), broadband magnetic coils (LEMI-120) and the acquisition unit were left overnight to acquire the data for a total of about 20 h at each station (2 h of 1000 Hz sampling rate and 18 h of 250 Hz sampling rate). For the high frequency magnetic fields, the broadband coils LEMI-120 were replaced with the high frequency coils (LEMI-118) and data was acquired 30 min before or after the 20-h measurement using a sampling rate of 10,000 Hz. Both broadband and high frequency data were processed and combined to produce data ranging from 5000 Hz to around 1000 s.
Most of the sites are less than 10 km from the main district of Mae Chan where its population is less than 20,000. Cultural noise from electric cables and telephone poles in villages and resorts can dominate the data in some period ranges. In order to improve the quality of the data, a remote reference site (Gamble et al., 1979) was installed in the Fang district, Chiang Mai province, about 70 km southwest of the survey area. Similar sets of sampling rates were used at the reference site to acquire the broadband data simultaneously with the local sites. Due to the lack of another pair of LEMI-118 high frequency magnetic coils, we could not acquire the high frequency data at the remote reference site. The broadband data from 500 Hz and lower (or longer periods) was therefore processed with remote reference techniques using KMS processing software based on robust multiple-station processing (Egbert, 1997) , while the high frequency data from 5000 Hz to 500 Hz was only locally processed without remote reference data.
Because the high frequency data were not remotely processed and the data quality was poor, the data above 3000 Hz were omitted. Similarly, the data above 300 s are generally contaminated and were also omitted from the inversion process as they also correspond to structures that are deeper than the region of interest. As in other areas around the world, the data in the dead band (periods of 1-100 s) is relatively poor due to low signal. For the inversion, the combined and processed impedance tensor Z from periods ranging from 3000 Hz to 300 s was selected linearly on a log 10 scale to give a total of 18 periods per site. The conversion of the impedance tensor to the apparent resistivity and phase of the xy-and yx-polarizations along with the error bars for each station are shown in Fig. 3 .
The parallel version of WSINV3DMT (Siripunvaraporn and Egbert, 2009; Siripunvaraporn et al., 2005) was used to invert the selected impedance tensor Z. The code has been widely used in many geothermal explorations (Árnason et al., 2010; Bertrand et al., 2013; Ghaedrahmati et al., 2013; Heise et al., 2008; Patro and Egbert, 2011; Tuncer et al., 2006) . One major advantage of directly performing the 3-D inversion is that there is no requirement to conduct the dimensionality analysis (Siripunvaraporn, 2012) . Since Z xx and Z yy are more severely distorted, only the off-diagonal data, Z xy and Z yx , were used for the 3-D inversion to reduce the risk of producing artifacts in the inverted model. The minimum error floor was set at 5% of the |Z xy Z yx | 1/2 . For the outliers, the error bars were increased to be large enough relative to the neighboring data. The area with topography was discretized into a 49 × 52 × 67 grid in north-south, east-west and depth, respectively. For the vertical mesh, the first layer is discretized at 30 m to provide high accuracy responses for all data. The thickness of the subsequent layers increases by 1.5-1.8 times of the previous layers. The horizontal grid sizes in the survey region are 200 m on both directions. The model mesh outside of the investigation area was extended using a logarithmic scale to avoid boundary effects.
The inversion was run multiple times with different starting parameters. The preferred inversion result was obtained by using a 300 m half-space as the initial model to produce the normalized RMS misfit of about 4.6. After 4 iterations, the misfit level decreased to about 1.6 RMS. This step was run with a larger length-scale parameter in the WSINV3DMT code (Siripunvaraporn et al., 2005; Siripunvaraporn and Egbert, 2009 ) to model the large scale structures that are required by the observed data. To further decrease the RMS level, a smaller length-scale was therefore used to allow the smaller features required by the data to be added in the inverted model, as with the techniques used in Boonchaisuk et al. (2013) . The reduced length-scale inversion step also helps to fit the data that are affected by static distortion (Siripunvaraporn, 2012) . After 2 more iterations of the inversion, this time starting from the previous model but with smaller length scale, the misfit level was stabilized at 1.5 RMS. At that point, we terminated the inversion. The observed data and the calculated responses from all 7 stations are shown in Fig. 3 . The RMS misfits for each site and each period for this run are shown in Fig. 4a . The final inversion model is plotted in a plan view in Fig. 5 and in cross-sections in Figs. 6 and 7.
Three main features are shown in Figs. 5-7: the conductive zones C1 and C2 and the resistive structure labeled as R. All of these features also appear in other models with different inversion parameters inferring that they are required by the data. The conductor C1 is surrounded with MCH1, MCH2, MCH3, MCH5 and MCH6 sites, while conductor C2 is only enclosed by MCH2, MCH3 and MCH4 sites on just its southern side. The size and thickness of C2 might therefore be less constrained than those of C1. More stations located on the northern side may be necessary in order to further constrain C2. The conductive zones C1 and C2 are of particular interest because they can be linked to the geothermal reservoir discussed in the following section. We therefore do the feasibility tests in order to validate that C1 and C2 are required by the observed data.
To verify the existence of C1, the conductive volume C1 of the inverted model in Figs. 5-7 was replaced by a background resistivity of 300 m and ran the forward modeling to fit the observed data. We found that the overall RMS dramatically increased to 3.4 indicating a poorer fit to the observed data. A similar experiment was conducted with the C2 zone. After the forward modeling run of the model without the C2 conductive zone, the overall RMS misfit increased to 3.1. Both of these experiments indicate us that both conductive C1 and C2 zones are required by the observed data. For a detailed investigation, Fig. 4b and c shows the RMS misfit of each site and each period after replacing C1 and C2, respectively, with a background resistivity of 300 m. Fig. 4b shows that C1 is required by most sites, particularly MCH1, MCH2 and MCH3 as removing it results in a higher RMS misfit. The period range that senses conductor C1 is around 0.03-10 s. Fig. 4c shows that conductor C2 is required by MCH2, MCH3 and MCH4. The period range affecting C2 is slightly larger (around 0.03-100 s), which might be why C2 is interpreted to be thicker and deeper than C1.
Interpretation and discussion
The previous section shows that the final inverted model (Figs. 5-7) contains three prominent features: the shallow conductive zones, C1 and C2, the resistive structure, R, and the resistivity contrast between the conductive zones and the resistive block matches the Mae Chan Fault well (drawn as the dashed line in Fig. 5) . In this section, we link these prominent features with the geology of the area.
The two conductive zones C1 and C2 form a thin conductive layer near the surface covering the Mae Chan valley (Fig. 5a ) but separate into two zones below 50 m depth (e.g., Figs. 5b and 6a ). C1 conductor dissipates at around 250 m while C2 continues to a depth of 500 m (Fig. 6a) . C2 covers a larger area (around 1 km 2 ). C1 and C2 are located within the Quaternary alluvium. The center of C1 is close to where the hot springs seep into the Mae Chan creek (indicated by Y1 and Y4 in Fig. 5 ) and also the drilled hole (indicated by Y2), while the center of C2 is associated with hot fluid emerging at the surface. Two hot springs (Y3a and Y3b) are also found between C1 and C2. Since there is a correlation between the hot springs and the conductors beneath, we can therefore suggest that C1 and C2 are reservoirs for the hot fluid. The reservoirs are connected in the top sedimentary deposits in the north of MCF (Figs. 5a, 6 and 7) . They become separated on entering the weathered and fractured granite below (Figs. 6 and 7) .
The resistor R appears in the southern region near stations MCH5, MCH6 and MCH7 (Fig. 5) . It extends from surface to cover the entire survey area at a greater depth as clearly displayed in Figs. 6 and 7. According to prior geological information (Kosuwan and Lumjuan, 1998) and the surface geology map (Fig. 1b) , the resistive body R corresponds to the batholith Triassic granite. As its value is moderately high, 1000-3000 m, it is interpreted as being unweathered granite. In the north, part of the weathered and fractured granite along with the sedimentary layer is interpreted to be filled with the hot fluid, which produces the low resistivity zones C1 and C2 (Fig. 5) . As with other non-volcanic geothermal systems in granitic rocks (Gianelli et al., 1997; Harinarayana et al., 2006; Newman et al., 2008; Santos, 1997; Uchida et al., 2005) , the heat source for the hot fluid in the Mae Chan region should come from the batholith granite R at great depth. When the rain water infiltrates into the ground, the ground water is heated by the hotter batholith resulting from the decay of radioactive elements of the minerals in the granite. The hot water then rises to the surface along faults and fractures.
Using the resistivity curve versus temperature developed for two granite bodies in Japan (Llera et al., 1990) , we can roughly estimate the temperature of the granite in our area where its mean resistivity is 1000 m in the upper 5 km depth to be around 130 • C. Although the granite in our area is different in composition than the granite described by Llera et al. (1990) , the estimated temperature value of 130 • C agrees well with temperatures of 122 • C and 127 • C calculated using the chalcedony and K-Mg geothermometers (Singharajwarapan et al., 2012) . In addition, the resistivity of the hot granite tends to decrease at depth of more than 5 km. A decrease in resistivity may correspond to an increase in temperature as reported in many publications (Akpan et al., 2013; Árnason Fig. 6 . North-south cross-section of the final inverted model (Fig. 5a ) at east-west distances of (a) −300 m, (b) 300 m and (c) 900 m. The dashed line is the estimated orientation of the Mae Chan Fault (MCF). Locations of the MT stations are also mapped and shown at the surface along with the hot spring locations. Harinarayana et al., 2006; Nover, 2005; Llera et al., 1990; Olhoeft, 1981; Shankland and Ander, 1983) .
Another feature that can be observed in our inverted model is the resistivity contrast between the conductive features C1 and C2 in the north and the resistive zone R in the south which is oriented in the northwest-southeast direction. The location of the abrupt change of the resistivity occurs at the Mae Chan Fault mapped by Kosuwan and Lumjuan (1998) . The contrast is therefore interpreted as the fault line cutting through the granite in the middle of the survey area. The contrast vanishes at depth as shown in the cross-sections of Fig. 6a-c . By following the resistivity contrast from the fault trace at the surface (Fig. 2) to greater depths (Fig. 6a-c) , we can infer that the Mae Chan Fault dips at 40-60 • which is not as steep as expected (Fenton et al., 2003; Kosuwan and Lumjuan, 1998) . Its hanging wall is in the north and consists of a sedimentary deposit and weathered and fractured granite on top of the unweathered granite. The foot wall is in the south and consists of mostly batholith granite. Below 2 km, both sides of the fault have the same resistivity suggesting granite forms both sides of the fault. Further detailed surveys with MT stations closer than the current spacing of 1 km are needed to better define the fault location at depth.
This study helps confirm the study of Owens (2012) that the heat source for the Mae Chan hot springs is the hot granite. The reservoir is located within the first few hundred meters from the surface in the sedimentary deposits and weathered and fractured granite. Based on our study, the hot fluid in the C1 conductor can be considered as a potential area to develop a small-scale binary geothermal power plant similar to the 300 kW plant in the Fang district or a novel low enthalpy binary geothermal power plant (Gabbrielli, 2012) . However, the reservoir appears relatively small. A lack of balance between usage and re-injection could distort the shallow hydrology of the area (Heise et al., 2008) . The C2 conductor should be drilled to determine if the temperature of the hot fluid is high enough for development.
A larger scale geothermal power plant using the hot granite at a great depth is also possible. However, little is known about the granite at depth. This would require further measurements as our first phase of the MT survey covered only 10 km 2 which is a small part of the whole batholith exposed at the surface. Expanding the Fig. 7 . East-west cross-section of the final inverted model (Fig. 5a ) at north-south distances of (a) −600 m, (b) 0 m and (c) 600 m. Locations of the MT stations are also mapped and shown at the surface along with the hot spring locations.
MT site coverage to a larger scale may show the existence of permeable fractured granite at great depth which could be used for geothermal power. A combination with thermal gradient drilling would require assessing the granite potential.
Conclusion
A 3-D resistivity structure determined from a small number of MT stations sparsely distributed around the Mae Chan geothermal area provides very useful information to assess the potential for a geothermal power plant. In the Mae Chan hydrothermal system, hot fluid heated from the deeper granitic batholith, identified as high resistivity feature R, is stored in the fractured and weathered granite and the sedimentary rock indicated by two conductive zones C1 and C2. A fracture in the damaged zone of the fault (shown as a resistivity contrast) allows the pressurized hot fluid to reach the surface. Since the temperature of the Mae Chan hydrothermal system does not seem to be high, we propose the development of small-scale geothermal power plants over the two zones C1 and C2. Further detailed investigation with more MT coverage along with deep well drilling may be necessary in order to assess the potential to build a larger scale geothermal power plant in the area.
